The emergence of drug resistance among Mycobacterium tuberculosis (MTB) strains is a serious health concern worldwide. The development of rapid molecular diagnostic methods in recent years has a significant impact on the early detection of resistance to major anti-TB drugs in MTB isolates, which helps in employing appropriate treatment regimen and prevents the spread of drug-resistant strains. This study was designed to evaluate the efficacy of real-time PCR and high-resolution melting (HRM) curve analysis for the determination of resistance to rifampin (RIF), isoniazid (INH), and ofloxacin (OFX) in MTB isolates and to investigate their resistance-related mutations. Methods: HRM analysis was performed to screen 52 (32 drug-resistant and 20 fully susceptible) MTB clinical isolates for mutations in rpoB, katG, mab-inhA, and gyrA genes. The HRM results were then confirmed by DNA sequencing. Results: In total, 32 phenotypically resistant isolates, comprising 18 RIF-, 16 INH-, and five OFX-resistant strains, were investigated. HRM analysis successfully identified 15 out of 18 mutations in rpoB, 14 out of 16 mutations in katG and mab-inhA , and four out of five mutations in gyrA conferring resistance to RIF, INH, and OFX, respectively. The obtained sensitivity and specificity, respectively, for HRM in comparison with phenotypic susceptibility testing were found to be 83.3% and 100% for RIF, 87.5% and 100% for INH, and 80% and 100% for OFX. In five resistant strains (12.8%), no mutation was detected by using HRM and DNA sequencing. Conclusion: HRM assay is a rapid, accurate, and cost-effective method possessing high sensitivity and specificity for the determination of antibiotic resistance among MTB clinical isolates and screening of their associated mutations. This method can generate results in a shorter period of time than taken by the phenotypic susceptibility testing and also allows for timely treatment and prevention of the emergence of possible MDR strains.
Introduction
Tuberculosis (TB) still remains a significant global health hazard and is one of the most prevalent life-threatening infections in developing countries. It is the ninth leading cause of death in the world, and according to the latest report of WHO, ~10.4 million people suffered from TB in 2016. 1 The emergence of drug-resistant TB, which is associated with increased mortality, is a challenging concern, particularly in developing countries. Antibiotic resistance in TB is classified into three main categories: multidrug-resistant TB (MDR-TB) is defined as simultaneous resistance of Mycobacterium tuberculosis (MTB) isolates to rifampin (RIF) and isoniazid (INH). RIFresistant TB (RR-TB) is the description for MTB isolates that are susceptibe to INH but resistant to RIF. Extensively drug-resistant TB (XDR-TB) is defined as MDR-TB strains with additional resistance to any fluoroquinolone and to at least one of the injectable aminoglycosides. 1, 3 The management and control of drug-resistant TB, and especially MDR-TB, is difficult due to the poor detection rate, which can be partly attributed to lack of rapid and accurate diagnostic tests. MDR-TB needs long-term treatment with second-line anti-TB drugs which incur high cost and wide toxic effects. 2, 4 So, rapid detection of antibiotic resistance in TB patients is important and helps in developing strategies aimed to control the spread of drug-resistant disease.
Although the two main effective antibiotics used in the treatment of TB are INH and RIF, drug resistance can develop rapidly as a result of patient non-adherence to the treatment regimen or non-continuous treatment. 5 The resistance to RIF is related to rpoB gene, which encodes the β-subunit of bacterial DNA-dependent RNA polymerase, and the significant mutations in rpoB are linked to an 81 bp region, named the rifampicin resistance determinant region (RRDR). 2, 6 Two mechanisms involving major mutations in katG and inhA genes lead to INH resistance. katG encodes a catalase peroxidase which converts INH to its active form. The amino acid substitution especially at codon 315 of katG, due to a mutation, accounts for 42%-95% of resistance to INH. Another mutation is observed in the promoter region of the inhA gene which encodes the enoyl-ACP-reductase, conferring 6%-34% of INH resistance in MTB strains. 7, 8 Fluoroquinolones are used as second-line antibiotics for the successful treatment of MDR-TB. Resistance to fluoroquinolones is acquired through mutations within the gyrA and gyrB genes, called the quinolone resistancedetermining regions (QRDRs), which encode DNA gyrase in bacteria. 9 In a previous study, ofloxacin (OFX) resistance associated with gyrA gene was reported in up to 98% of MTB strains. 10 Critical for infection control, the WHO (2017) has recommended widespread use of the drug susceptibility testing (DST), in order to detect the resistant strains of MTB, to prevent the spread of these strains. However, the phenotypic DST is slow, time-consuming, and laborious, so rapid molecular techniques have been currently employed both for the detection of MTB from clinical specimens and detection of their antibiotic resistance.
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These molecular-based assays can be efficiently applied for the rapid identification of genetic mutations and single-nucleotide polymorphisms (SNPs) associated with antibiotic resistance in MTB isolates.
12 Molecular sequencing of genes conferring resistance has been recommended as a reference standard for DST in recent years; however, despite the reliability of the tool, it is costly and may not be easily available in all microbiological laboratories. 5, 13 High-resolution melting (HRM) curve is a simple, rapid, and accurate technique for scanning of mutations, which relies on the sequence variation that leads to changes in the shape of the melting curve.
14 By application of this technique, drug resistance among MTB isolates can be demonstrated precisely, which helps in the better management of TB treatment and control of further spread of resistant strains. So, the aims of the current study were to evaluate the efficacy of real-time PCR and HRM curve analysis for determination of mutations in rpoB, katG and mab-inhA, and gyrA genes conferring resistance to RIF, INH, and OFX, respectively, and also in the detection of MDR strains of MTB in the region of study.
Materials and methods clinical isolates of MTB
In this study, 487 MTB isolates on the basis of acid-fast staining, growth on Lowenstein Jensen (LJ) medium, and conventional biochemical tests 15 were collected from April 2015 to December 2017, from Ahvaz Regional TB Laboratory, Southwest of Iran. The initial proposal of the work was approved by the Institutional Review Board and Ethics Committee of the Ahvaz Jundishapur University of Medical Sciences, Iran, and necessary permission was granted for the work. Apart from this, as part of the Regional Centers' policy, referred patients were requested to sign the informed consent in case that their samples are used for research purposes apart from routine clinical investigation. 
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DNA extraction
Genomic DNA was extracted from clinical MTB isolates grown on LJ medium, using DNA extraction QIAamp Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer's instructions. The extracted DNA was diluted tenfold with distilled water and its concentration was measured using a Nanodrop instrument (Thermo Fisher Scientific, Waltham, MA, USA), and was used as template DNA for molecular assays.
PCR amplification and sequence analysis
For the detection of mutations associated with antibiotic resistance, PCR amplification was performed on all phenotypically resistant MTB and randomly selected susceptible isolates. The primers used in the sequence analysis of rpoB, KatG, mab-inhA, and gyrA genes are listed in Table 1 . [17] [18] [19] [20] A reaction mixture of 50 µL containing 5 µL of 10× PCR buffer, 1.5 mM MgCl 2 , 0.2 mM of deoxynucleotide triphosphate (dNTP), 0.2 µM of each primer, 2.5 U of Taq polymerase, and 5 µL of template DNA (10 ng) was prepared. Amplification was performed on a thermal cycler (Bio-Rad, Hercules, CA, USA) with the following cycling program: initial denaturation at 95°C for 5 minutes followed by 30 cycles of denaturation at 95°C for 40 seconds, annealing at 64°C (rpoB, mab-inhA)/55°C, (katG)/ 68°C, (gyrA) for 1 minute, and extension at 72°C for 40 seconds, with a 
Abbreviation: hRM, high-resolution melting.
final extension at 72°C for 10 minutes. The PCR products were sent to Bioneer Co., South Korea, for purification and DNA sequencing (3730xl DNA Analyzers; Thermo Fisher Scientific).
Real-time and hRM curve analysis
The rpoB, katG, mab-inhA, and gyrA genes were amplified by real-time PCR for the determination of mutations associated with RIF, INH, and OFX resistance by using primers listed in Table 2 . 21, 22 The amplification was carried out in a Light Cycler 480 instrument (Roche Diagnostics, Penzberg, Germany) using a Type-it HRM PCR kit (Qiagen). All realtime assays were performed in a mixture containing the following components per reaction: 2 µL of template DNA, 0.2 mM of each primer, 10 µL of 2× HRM PCR master mix containing HotStarTaq DNA Polymerase, HRM PCR buffer, Q-Solution, dNTP mix, and HRM dye with PCR-grade water adjusted to a final volume of 20 µL. The cycling parameters were as follows: 10 minutes at 95°C, followed by 40 cycles of 10 seconds at 95°C, 20 seconds at 64°C, and 20 seconds at 72°C. The products were then heated at 95°C for 1 minute, cooled to 40°C for 1 minute, and heated from 70°C to 95°C at a rate of 25 acquisitions/°C. All real-time reactions were carried out in triplicate. MTB H37Rv DNA and PCR-grade water were used as positive and negative controls, respectively, in every assay. There was phenotypic and genotypic concordance (according to HRM curve analysis) in 15 resistant isolates. Four types of curves were generated for these isolates. The most frequent melting curve profile was found in ten isolates which was associated with S531L (TCG→TTG) mutation. The second melting curve profile was obtained for three resistant isolates representing L533P (CTG→CCG) mutation. Other resistant isolates showed two different melting curves which were associated with H526T (CAC→TAC) and L511P (CTG→CCG) mutations ( Figure 1A and B) . Three phenotypically RIF-resistant isolates did not show any detectable mutation, and these isolates and RIF-susceptible control isolates displayed identical curves by HRM assay.
Inh resistance
The 16 phenotypic INH-resistant strains were assessed by HRM analysis for mutations in the katG and mab-inhA genes. There was phenotypic and genotypic concordance (according to HRM curve analysis) in six resistant isolates for katG gene and in eight resistant isolates for mab-inhA gene. The HRM assay successfully detected mutations S315A (AGC→AAC) in all six isolates for katG, and -15 C→T in eight isolates of mab-inhA genes ( Figure 1C and D) . One isolate had a mutation in mab-inhA on DNA sequencing, but this mutation was not detected by HRM curve analysis. Additionally, in one INH-resistant isolate, no mutation was detected in any of the two target genes on the basis of DNA sequencing and HRM
Results DsT
By performing DST, 24 resistant isolates (4.9%) including four MDR and 20 mono-resistant (eleven RIF, six INH, and three OFX) isolates were identified. Additionally, eight more confirmed resistant isolates (two OFX and three INH monoresistant isolates, and three MDR isolates) provided by Tehran Regional TB Laboratory, Tehran, Iran, were also included in the study. So, in total 32 resistant isolates underwent further molecular investigations.
hRM analysis
In the current study, HRM analysis was employed for the detection of dominant mutations linked to antibiotic resistance in the rpoB, katG, mab-inhA, and gyrA genes in phenotypically resistant MTB clinical isolates. The isolates with mutation were correctly differentiated from the wild-type isolates by differences in their melt curve (Table 3) . Different plot curves of HRM analysis for rpoB, katG, mab-inhA, and gyrA genes are also shown in Figure 1 (A-H) . For each gene, 20 randomly selected susceptible control isolates were also included. The details of each tested gene are presented in Table 3 .
RIF resistance
The 18 phenotypic RIF-resistant isolates were evaluated by HRM analysis for the detection of rpoB gene mutations. Figure 1E and F) .
OFX resistance
The HRM assay for gyrA gene was carried out using five phenotypic OFX-resistant strains. The phenotypic and HRM analysis methods showed concordance in four OFX-resistant isolates. The HRM curve analysis displayed one mutation at G88C (GGC→TGC) and three at D94G (GAC→GGC) regions of gyrA gene. One resistant isolate did not show any mutation in the gyrA gene according to HRM assay and DNA sequencing. This isolate along with all 20 OFX-susceptible control isolates showed unique curves for gyrA gene ( Figure  1G and H).
DNA sequencing
All 52 phenotypic-resistant and -susceptible control MTB isolates underwent sequencing analysis (www.clustal.org) for investigation of mutations in four target genes. DNA sample of MTB H37Rv strain was used as sequence control. Representative examples of the DNA sequencing chromatograms for all target genes are shown in Figure 2 . The following results were obtained after sequencing: The18 phenotypic RIF-resistant strains were sequenced for the rpoB gene mutations. Four mutational profiles were generated for 15 phenotypic-resistant isolates which were confirmed by HRM curve analysis. Three phenotypicresistant isolates did not show any mutation and displayed wild-type pattern in both DNA sequencing and HRM analysis.
The 16 INH-resistant strains were sequenced for the katG and mab-inhA genes. Six isolates showed mutation pattern of S315A (AGC→AAC) for the katG gene. Eight isolates displayed only one profile of mutation at the -15 C→T of mab-inhA gene. One isolate showed mutation by DNA sequencing at the mab-inhA gene, but did not show any mutation by HRM assay. In one resistant isolate, no mutation was demonstrated in either gene by both sequencing and HRM assay and showed wild-type profile corresponding to 20 INH-susceptible control isolates.
The five phenotypic OFX-resistant strains were sequenced for mutations in the gyrA gene. Four phenotypic-resistant isolates exhibited two different mutations, G88C (GGC→TGC) and D94G (GAC→GGC) for gyrA gene. In other resistant and all susceptible control isolates, no mutation was detected and they showed wild-type pattern.
statistical analysis
Statistical computations were carried out through the freely available MedCalc statistical software (https://www.medcalc. org/calc/index.php). The HRM analysis assay was compared to the conventional phenotypic results to compute the sensitivity and specificity. The sensitivity and specificity were, respectively, found to be 83.3% and 100% for RIF; 87.5% and 100% for INH; and 80% and 100% for OFX. The comparison of DST and HRM results with sensitivities and specificities for finding out gene mutations are summarized in Table 4 .
Nucleotide sequence accession numbers
The nucleotide sequences containing gene mutations in clinical isolates, obtained in the present study, have been deposited in the GeneBank database under the following accession numbers: MH727648, MH727649, MH727650, and MH727651 for rpoB, MH734236 for katG, and MH734237for mab-inhA.
Discussion
Rapid diagnosis of MTB infections and prompt detection of drug resistance, mainly MDR and XDR among the isolates, 
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Drug resistance detection in M. tuberculosis by HRM assay are essential for the control and management of TB. 23, 24 The treatment of MDR and XDR-TB is costly and needs vast resources on global basis and makes TB control much more difficult. 25 The resistance of MTB to anti-TB drugs is almost exclusively due to the spontaneous mutations in target genes. Molecular methods are rapid tools for the detection of RIF and INH resistance along with resistance to secondline drugs and recognition of their related mutations. 26 Among the molecular techniques, real time-PCR coupled with HRM analysis is a rapid and closed-tube method for the screening of DNA mutations in resistant strains. 21 HRM allows for the detection of mutations in DNA sequences and sequence variations, which are differentiated by analyzing of the melting curve. This technique could also be used for SNP genotyping and identification of bacterial species. 27 Although Xpert-MTB/RIF is recommended by the WHO as a rapid method for the detection of drug-resistant isolates of MTB, this method has limitations, as it only determines resistance to RIF, while HRM can detect resistance to both first-and second-line anti-TB drugs used in the standard treatment regimen. 28, 29 In the current study, we developed real-time PCR combined with HRM curve analysis for determination of SNP mutations conferring resistance to RIF, INH, and OFX in 32 resistant MTB isolates. The findings showed that HRM assay and DNA sequencing were in concordance for mutation detection in rpoB, katG, and gyrA genes, except for one isolate which showed difference for the mab-inhA gene ( Table 3) .
The HRM assay successfully determined rpoB gene mutations at codons 531, 533, 526, and 511. Among the 18 RIF-resistant isolates, the majority displayed mutations at codon 531 of 81 bp region (RRDR). According to the literature, this is the region that confers 96% of RIF resistance. 6 The second most frequent mutation was found at codon 533, and mutation at codons 526 and 511 were demonstrated in two isolates. Thus, HRM assay could detect the most common rpoB mutations, and based on our results, accounts as preferred method for evaluation of resistance to RIF.
Several genes are responsible for the resistance to INH, including katG, inhA and mab-inhA, kasA, ahpC, and ndh. The major resistance mechanism in INH is katG mutation at codon S315 which is usually associated with high-level resistance. Another less common mechanism is mutation in inhA and mab-inhA genes that causes low-level resistance. 30, 31 In this study, HRM assay was able to detect mutations at S315A (AGC→AAC) in katG and -15 C→T in mab-inhA. One isolate had mutation in mab-inhA revealed by DNA sequencing, but this mutation was not detected by HRM curve analysis. Additionally, one phenotypic-resistant isolate did not show any mutation by performing either HRM or DNA sequencing. This resistance could be due to other less frequent genes like kasA, ahpC, and ndh, whose roles in INH drug resistance are not well understood.
Clinical isolates of MTB gained fluoroquinolone resistance mainly through mutations in the gyrA gene at QRDR region. Mutations at codons 90, 91, and 94 of gyrA cause high-level resistance to OFX in MTB strains. 10, 22 Our results demonstrated one mutation at codon 88 and three mutations at codon 94 in the gyrA gene, in four OFX-resistant isolates. One of the phenotypic OFX-resistant isolates did not show any mutation in HRM and DNA sequencing. The resistance in this isolate could be related to mutations in gyrB that we did not examine, or overexpression of efflux pump genes, as other investigators reported. 30 Furthermore, in this study, we did not detect any novel mutation by HRM technique or DNA sequencing.
Control of TB in our country requires minimizing the transmission of drug resistance among MTB isolates by employing technologies that allow rapid, cost-effective, and high-throughput detection of resistant isolates. 32 In this study, the sensitivity and specificity of real-time HRM assay in comparison to DST were determined as 83.3% and 100% for RIF, and 87.5% and 100% for INH, respectively. The HRM curve analysis has been previously employed by other investigators for the detection of drug resistance among MTB isolates. Our findings were in agreement with these studies and following sensitivities and specificities were observed: 100% and 100% for RIF and 88.8% and 100% for INH by Nagai et al, 21 34 Although the usefulness of real-time HRM assay is demonstrated in the above-mentioned studies, in a later study conducted in Iran, the investigators concluded that more isolates should be evaluated for the verification of efficacy of HRM assay. Additionally, we carried out determination of gyrA mutation by HRM assay for MDR isolates, and OFX resistance was determined with a sensitivity of 80% and specificity of 100%. It is clear that for the detection of XDR isolates, other second-line drugs, ie, aminoglycosides should be investigated as well.
To determine the frequency of detectable gene mutations related to drug resistance, evaluation of the sensitivity of molecular assays such as HRM curve analysis and DNA submit your manuscript | www.dovepress.com
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sirous et al sequencing are required. 22 In this study, using HRM analysis, the sensitivities of rpoB, katG, and gyrA genes were 100%, which was in agreement with DNA sequencing, except for the sensitivity of 88.89% for mab-inhA. So, HRM assay provides a great potential for characterization of mutations in resistant MTB strains, and is a flexible and low-cost screening technique that can be used in research studies and epidemiological surveys. The significance of HRM assay lies on the fact that it is an effective primary drug resistance indicator among MTB isolates. This enables a fast detection of drug resistance toward first-and second-line anti-TB drugs simultaneously and eliminates the extended period of time (weeks) needed for getting the results by phenotypic DST. However, we failed to detect any mutation in the five phenotypically resistant isolates (12.8%), and hence mutations in other genes with minor frequencies should be considered.
Conclusion
HRM assay is a rapid, accurate, and cost-effective method, which provides high sensitivity and specificity for determination of antibiotic resistance among MTB clinical isolates and screening of their associated mutations. This method would generate results in a shorter period of time than that required by the phenotypic DST method, which allows for timely treatment and prevention of the emergence of possible MDR strains.
